Aims/hypothesis Glucagon-like peptide (GLP-1), an intestinal incretin produced in L cells through proglucagon processing, is released in response to meal intake. The intracellular mechanism by which L cells sense the organism energy level to coordinate the production of GLP-1 remains unclear. Mechanistic target of rapamycin (mTOR) is an intracellular fuel sensor critical for energy homeostasis. In this study, we investigated whether intestinal mTOR regulates GLP-1 production in L cells. Methods The effects of mTOR on GLP-1 production were examined in lean-or high-fat diet (HFD) induced diabetic C57/BL6, db/db, Neurog3-Tsc1 −/− mice, and STC-1 cells.
Results Fasting downregulated mTOR activity, which was associated with a decrement of intestinal proglucagon and circulating GLP-1. Upon re-feeding, these alterations returned to the levels of fed animals. In HFD induced diabetic mice, ileal mTOR signalling, proglucagon and circulating GLP-1 were significantly decreased. Inhibition of mTOR signalling by rapamycin decreased levels of intestinal and plasma GLP-1 in both normal and diabetic mice. Activation of the intestinal mTOR signalling by L-leucine or Tsc1 gene deletion increased levels of intestinal proglucagon and plasma GLP-1. Overexpression of mTOR stimulated proglucagon promoter activity and GLP-1 production, whereas inhibition of mTOR activity by overexpression of tuberous sclerosis 1 (TSC1) or TSC2 decreased proglucagon promoter activity and GLP-1 production in STC-1 cells. Conclusions/interpretation mTOR may link energy supply with the production of GLP-1 in L cells. 
Introduction
Glucagon-like peptides (GLPs) and glucagon are hormones encoded by the same proglucagon gene (Gcg) and liberated by tissue-specific post-translational processing [1] . Glucagon is predominantly generated in pancreatic alpha cells by prohormone convertase (PC)-2, whereas GLP-1 and GLP-2 are mainly produced in the intestine and central nervous system after cleavage by PC-1/3 [2] [3] [4] . GLP-1, a potent glucosedependent insulinotropic hormone derived from intestinal L cells, is primarily produced during the postprandial state to promote insulin secretion and to decrease glucagon secretion [1] . The insulinotropic activity of GLP-1 in type 2 diabetes mellitus therefore offers great potential for treatment of hyperglycaemia without causing hypoglycaemia [5, 6] .
Targeting an increase in endogenous GLP-1 production through modulation of proglucagon gene transcription in enteroendocrine L cells provides an exciting new therapeutic opportunity. In mammals, the major fragment of proglucagon mRNA contains two glucagon-like sequences named GLP 1 and 2. The proglucagon promoter contains several transcriptional control elements localised in the 2.5 kb 5′-upstream sequence of the transcriptional initiation site [7] . A number of transcription factors control proglucagon gene expression in a tissue-specific manner, allowing physiologically precise regulation of production of different active peptides [8] . Insulin and glycogen synthase kinase (GSK)-3β inhibitors, such as lithium, stimulate G2 response element activity specifically in enteroendocrine L cells through the β-catenin/T cell factor (TCF)-4 signalling pathway, resulting in increased GLP-1 production [9] . Nutrients, vagal nerve innervation and peptides constitutively regulate GLP-1 secretion [10] . The intracellular signalling mechanisms by which enteroendocrine L cells coordinate luminal nutrients with GLP-1 production remain poorly understood. Mechanistic target of rapamycin (mTOR), a highly conserved serine-threonine kinase, has been reported to serve as a fuel sensor [11] . Aberrant mTOR activity is linked to the development of cancer, diabetes and obesity [12] . Downstream targets of mTOR include ribosomal protein S6 kinases (S6Ks), S6 and eukaryotic translation initiation factor 4E binding protein 1 [12] . In contrast, deletion of S6K1 protects against diet induced obesity and improves insulin sensitivity in mice [13] . There are two mTOR complexes: mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). mTORC1 is responsible for nutrient-sensing functions and is composed of mTOR, G protein-subunit-like protein and raptor. mTORC2 phosphorylates Akt and contains mTOR and rictor [14] . mTORC1 also coordinates the overall energy supply with energy intake. Our previous studies demonstrate that gastric mTOR activity is altered by changes in energy status such as fasting and obesity. Change in gastric mTOR activity affects the expression and secretion of ghrelin and nesfatin-1/ nucleobindin 2 (NUCB2), with subsequent alteration in food intake and glucose homeostasis [15] [16] [17] [18] . Here, we present evidence that mTOR signalling regulates ileal production of GLP-1. Our data identify intestine specific regulation of proglucagon gene expression as a new mechanism of action for mTOR in glucose metabolism, thus expanding its interest as a target for the treatment of type 2 diabetes mellitus.
Methods
Materials Details of materials can be found in the electronic supplementary material [ESM] Methods.
Animal experiments Sixteen-week-old male C57BL/6J mice were divided into control, fasted and refed groups. Male C57BL/6J, db/m and db/db mice fed with normal chow diet (NCD) or 45% high-fat diet (HFD) were separated into DMSO, rapamycin, saline and leucine groups. Sixteenweek-old male Neurog3-Tsc1 −/− mice and Tsc1 loxP/loxP littermates fed with NCD were used. Animals used in this study were handled in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996). All animal protocols were approved by the Animal Care and Use Committee of Jinan University. Details of animals used can be found in the ESM Methods.
Molecular biology methods Western blot analysis, quantitative real-time PCR, glucose tolerance and insulin tolerance tests were performed as described previously [15, 16] . See ESM Methods for further details. Measurements of GLP-1 and insulin secretion were performed according to the manufacturer's protocol. See ESM Methods for further details. Rat GLP-1 promoter-luciferase expression vectors were constructed by PCR amplification using rat genomic DNA (BD Biosciences, Franklin Lakes, NJ, USA) and subcloned into the promoterless pGL3-basic luciferase reporter vector at the XhoI/Hind-III cloning sites (Promega, Madison, WI, USA). Luciferase activity with the dual-luciferase reporter assay system was measured using an aluminometer (Monolight 2010, San Diego, CA, USA), according to the manufacturer's instructions. See ESM Methods for further details.
Tissue sample preparations and immunofluorescence analysis C57BL/6J mice were deeply anaesthetised using pentobarbital. The ileums and pancreas were quickly removed and rinsed thoroughly with PBS. The tissues were fixed in 4% paraformaldehyde (wt/vol.), dehydrated, embedded in wax and sectioned at 6 μm. Paraffin embedded sections were dewaxed, re-hydrated and rinsed in PBS. After boiling for 10 min in 10 mmol/l sodium citrate buffer (pH 6.0), sections were blocked in 1% BSA (wt/vol.) in PBS for 1 h at room temperature, then incubated overnight with rabbit anti-TSC1 (1:100) antibody or goat anti-insulin (1:100) antibody. Tissue sections were then incubated at 22°C for 2 h with the following secondary antibodies: chicken anti-rabbit Texas Red conjugated IgG (1:100) or donkey anti-goat Texas Red conjugated IgG (1:100). Controls included substituting primary antibody with rabbit IgG and goat IgG. The nuclei were visualised by staining with Hoechst 33258 for 10 min. Photomicrographs were taken under a confocal laser-scanning microscope (Leica, Germany). Image analysis (Model Leica Q550CW, Leica) was performed to quantify the immunostaining signals of insulin. 
Statistical analysis

Results
Effects of organism energy status on ileal mTOR signalling and GLP-1 production in mice To examine the effect of fasting on mTOR signalling and GLP-1 production, male C57BL/6J mice were divided into control, fasted and refed group (see ESM Methods for details). Phosphorylation of S6, a downstream target of mTOR [14] , in ileum was markedly decreased in fasted mice relative to fed animals but was reversed by 2 h re-feeding (ESM Fig. 1a ). Both mRNA and protein levels of ileal proglucagon were significantly decreased after fasting, and returned to basal levels with refeeding (ESM Fig. 1b, a) . The alteration in ileal proglucagon was accompanied by a similar change in levels of circulating GLP-1 (6.2±1.0, 3.4±0.6, 13.2±3.5 pmol/l for normal feeding, fasting and re-feeding, respectively; ESM Fig. 1c) . A significant positive correlation was found between ileal levels of phospho-S6 and proglucagon (Pearson's=0.8; p<0.05).
The effects of long-term changes in nutritional status on ileal mTOR signalling were examined using the male mice fed 45% HFD. As shown in ESM Fig. 1d , there was a significant decrease in ileal phospho-S6 in mice fed HFD relative to the animals fed NCD. The alteration in mTOR signalling was associated with a decrement in ileal proglucagon mRNA and protein, and plasma GLP-1 (ESM Fig. 1d -f) in mice fed HFD relative to those fed NCD.
Effects of ileal mTOR signalling on GLP-1 production in mice If mTOR signalling is linked to the production of GLP-1, then changes in ileal mTOR activity would be predicted to alter the production and secretion of GLP-1. The effects of rapamycin, a well-characterised mTOR inhibitor, were examined in normal C57BL/6J mice, HFD induced or db/db diabetic mice. In both normal (NCD) and diabetic (HFD) mice, i.p. injection of rapamycin significantly decreased ileal phospho-S6 (Ser235/236; Fig. 1a ), ileal proglucagon mRNA (Fig. 1b) and protein (Fig. 1a) , and circulating GLP-1 (Fig. 1c) . The change of plasma GLP-1 was associated with impaired glucose metabolism and glucose disposal curves typifying insulin resistance induced by rapamycin (Fig. 1d, e) . Similar alteration was observed for db/db diabetic mice (Fig. 1f-i) .
Because inhibition of mTOR signalling in the ileal mucosa leads to downregulation of GLP-1 expression and GLP-1 secretion, it is expected that activation of mTOR signalling in the ileal mucosa would stimulate production of GLP-1. Consistent with this prediction, intragastric administration of Lleucine (3.5 mmol/kg for 6 days), a branched-chain amino acid documented to activate mTOR signalling [15] , significantly increased phospho-S6 (Fig. 2a) . The increment in phosphorylation of S6 was associated with an upregulation in ileal proglucagon mRNA (Fig. 2b) and protein (Fig. 2a) , and plasma GLP-1 (Fig. 2c ) in both normal C57BL/6J and HFD induced diabetic mice compared with saline administration. The change of plasma GLP-1 was associated with improved glucose metabolism (Fig. 2d) and glucose disposal curves typifying improved insulin sensitivity (Fig. 2e) . Similar findings were observed when L-leucine was injected i.p. (ESM Fig. 2 ).
To further determine the effect of mTOR activation on the production of GLP-1, we used a mouse strain Neurog3-Tsc1
in which Tsc1 gene is deleted under the control of the neurogenin 3 promoter [19] . TSC1 immunoreactivity was detected mainly in the basal 1/3 of ileal epithelium in Tsc1 loxp-loxp wild-type (WT) mice, whereas it demonstrated a limited expression in Neurog3-Tsc1 −/− (TN) mice (ESM Fig. 3 ). Phosphorylation of S6 was detected at a relative high level in the ileums of Neurog3-Tsc1 −/− mice compared with WT mice (Fig. 2f) , suggesting an activation of mTOR in the ileums. Activation of mTOR signalling was associated with an upregulation of ileal proglucagon mRNA and protein (Fig. 2g, f) , and circulating GLP-1 (Fig. 2h ) compared with WT mice.
Effects of rapamycin on GLP-1 and insulin secretion in response to glucose administration In rodents and humans, GLP-1 is released rapidly into the circulation after oral nutrient ingestion [1] . To determine whether rapamycin regulates GLP-1 secretion in response to glucose administration, we analysed the dynamic change of plasma GLP-1 induced by glucose administration in mice treated with rapamycin (see ESM Methods for details). Both basal and glucose-induced increments in levels of plasma GLP-1 were significantly attenuated in mice treated with rapamycin relative to control animals (3.7±0.2 vs 2.4± 0.2 pmol/l for basal GLP-1 and 6.2 ± 0.3 vs 4.5 ± 0.5 pmol/l for maximal increase of GLP-1 after glucose administration, p<0.001; ESM Fig. 4a ).
Plasma insulin markedly increased after glucose administration in control mice treated with DMSO. In contrast, glucose failed to stimulate an increment in plasma insulin levels in mice treated with rapamycin, suggesting the impairment in response to glucose in these animals (ESM Fig. 4b ). The changes of plasma GLP-1 and insulin were accompanied with Fig. 1 Modulation of GLP-1 production by rapamycin in mice. C57BL/6J mice, HFD induced diabetic mice (a-e), db/m and db/db mice (f-i) were administrated (i.p.) with DMSO or rapamycin (Rapa, 1 mg/kg) for 6 days to determine the effects of mTOR Fig. 4c, d ). No significant difference in plasma insulin was observed in mice treated with rapamycin relative to control mice at 0 time point (68.9±14.9 vs 51.1± 13.9 pmol/l, p = 0.36; ESM Fig. 4b) . Furthermore, no significant difference in islet morphology and insulin immunoreactivity was observed (ESM Fig. 5 ).
In vitro effects of mTOR signalling on GLP-1 production We next examined the direct effect of mTOR signalling on GLP-1 in cultured STC-1 cells, an L-like cell line. Exposure of STC-1 cells to rapamycin at the doses of 0.625-10 nmol/l for 24 h caused a concentration-dependent decrease in S6 phosphorylation (Fig. 3a) , proglucagon mRNA ( Fig. 3b) and protein (Fig. 3a) , and medium content of GLP-1 (Fig. 3c ). Rapamycin at 5 nmol/l significantly decreased S6 phosphorylation, proglucagon mRNA and protein levels, and GLP-1 secretion in a time-dependent manner in STC-1 cells. Significant inhibition occurred as early as 12 h and lasted for up to 36 h (Fig. 3d-f ).
L-leucine induced a concentration-dependent increase in GLP-1 production. L-leucine, at doses of 9.375-150 mmol/l for 24 h, caused a concentration-dependent increase in S6 phosphorylation, proglucagon mRNA and protein levels (Fig. 4a-c) . Treatment of cells with 75 mmol/l leucine for 24 h significantly enhanced the GLP-1 mRNA expression and GLP-1 release by 300±15% and 200±27%, respectively (p<0.05; Fig. 4b, a) . L-leucine also time-dependently stimulated phosphorylation of S6 (Fig. 4d-f) , expression of proglucagon mRNA (Fig. 4e) and protein (Fig. 4d) , and Consistent with the pharmacological blockage of mTOR signalling, overexpressing TSC1 or Tsc2 significantly reduced proglucagon expression and GLP-1 secretion (Fig. 5a-c) . Both TSC1 and TSC2 function to inhibit mTOR signalling (Fig. 5a ) in cultured STC1 cells. Further, activation of mTOR signalling by overexpression of mTOR or S6K1 significantly increased the expression and secretion of GLP-1 in cultured STC1 cells (Fig. 5a-f) .
In vitro effects of mTOR signalling on the activity of proglucagon promoter The short form of proglucagon gene promoter (about 1,250 nucleotides) directs its gene expression to pancreatic islets and brain, whereas additional upstream sequences extending to ∼2,250 nucleotides are required for its expression in intestinal endocrine cells [20] . To determine whether mTOR signalling modulates the transcription of the proglucagon gene in L-like cells, we assayed the activity of the 2.3 kb rat proglucagon promoter. As shown in Fig. 6a , rapamycin concentration-dependently inhibited the 2,288 bp but not the 1,250 bp proximal promoter activity in STC-1 cells. This observation suggests that downregulation of mTOR signalling specifically decreases the intestinal proglucagon promoter activity. Consistent with this observation, inhibition of mTOR signalling by overexpression of TSC1 or Tsc2 significantly decreased the 2,288 bp promoter activity (Fig. 6b) , whereas activation of mTOR signalling by overexpression of mTOR stimulated the 2,288 bp GLP-1 promoter activity (Fig. 6b) in STC-1 cells. Further, alteration of mTOR activity by rapamycin or overexpression of mTOR, TSC1 or Tsc2 did not affect the promoter activity of 2,288 bp constructs in MIN6 cells (Fig. 6c, d ).
Discussion
The major finding of the present study is that mTOR signalling in L cells functions to alter the expression and secretion of GLP-1. This conclusion is supported by the following distinct observations: (1) a positive relation exists between intestinal mTOR signalling and the expression and secretion of GLP-1 during changes in energy status; (2) inhibition of mTOR signalling suppresses ileal proglucagon mRNA and protein content in both normal and diabetic mice; (3) conversely, activation of intestinal mTOR signalling by leucine or deletion of Tsc1 gene increases the expression and secretion of GLP-1; (4) inhibition of intestinal mTOR signalling by rapamycin inhibits plasma active GLP-1 and insulin release in response to glucose administration; (5) activation of mTOR increases the −2,288 bp proglucagon promoter activity, while blocking mTOR signalling decreases its activity in STC1 cells.
Enteroendocrine L cells, mainly located in the distal ileum and colon [21] , are open-type endocrine cells with a slender triangular form with the base resting on the basal lamina. L cells can sense the luminal nutrients and transform this information into a stimulation of GLP-1 secretion [22] . We thus speculate that GLP-1 biosynthesis can be modulated by nutrient-sensing molecules. Our studies indicate that intestinal mTOR may coordinate luminal nutrients with production of GLP-1. First, mTOR signalling molecules exist within the intestinal mucosa. Second, alterations in intestinal mTOR signalling during short-term energy deficiency and long-term energy surplus suggest that intestinal L cells may recognise energy status at the organism level and trigger the coordinate expression and secretion of GLP-1. Furthermore, the reciprocal suppression in intestinal mTOR signalling and GLP-1 production is detected in HFD induced diabetic and db/db mice. This observation is consistent with a previous report showing an inverse correlation between obesity and GLP-1 secretion [23] . Third, and most convincingly, alteration of mTOR activities in both intestinal mucosa and cultured L-like cells leads to a reciprocal change in GLP-1 production. Rapamycin Previous studies have demonstrated that alteration of mTOR signalling by rapamycin or L-leucine may affect insulin release through either a direct effect on islet beta cells or an indirect effect secondary to its modulation of glucose metabolism in liver, skeletal muscle and adipose tissue [25] [26] [27] [28] . While our data on Neurog3-Tsc1 −/− mice and cultured cells provide evidence of the direct influence of GLP-1 by mTOR signalling, complete exclusion of the secondary effects from mTOR signalling in other cells requires a conditional manipulation of mTOR signalling in L-like cells. In addition, the slow response to a high dose of L-leucine in our study indicates that mTOR is unlikely to underlie the acute triggering of postprandial GLP-1 secretion after nutrient ingestion. Instead, it may function as a mechanism for chronic adaption to energy supplies. Absence of insulin response after rapamycin treatment also indicates the GLP-1-independent effects on islet function. Functional data from islets isolated from mice treated for 6 days with rapamycin will address this potential.
As an insulinotropic and glucagonostatic hormone that inhibits appetite and reduces body weight, GLP-1 is currently under active investigation as a therapy for type 2 diabetes [29] . Current efforts focus on GLP-1 supplement and attenuation of GLP-1 breakdown. Liraglutide and exenatide are two GLP-1-mimetic drugs currently approved for clinical use to treat type 2 diabetes [30, 31] . While GLP-1 analogues can efficiently reduce blood glucose level in patients with type 2 diabetes, they have adverse effects on thyroid glands because GLP-1 receptors are expressed in thyroid glands of humans [32] as well as rodents [33] . In preclinical animal studies, liraglutide was associated with an increased risk of thyroid C-cell focal hyperplasia and C-cell tumours [33] . Another safety concern of liraglutide is a risk of pancreatitis [34] . Active forms of GLP-1 such as GLP-1(7-36) and GLP-1(7-37) are susceptible to cleavage the enzyme dipeptidyl peptidase IV (DPP-IV) [35] . The metabolite thus generated, GLP 9-36 amide or GLP 9-36, is inactive and may act as a competitive antagonist at the GLP-1 receptor [36] . Inhibition of DPP-IV increases blood concentration of GLP-1, which portrays a very low risk of hypoglycaemia [37] . DPP-IV inhibitors can significantly reduce levels of glycosylated haemoglobin (HbA 1c ), either as monotherapy or as a combination with other glucoselowering agents [38, 39] . Adverse side effects such as pancreatitis and precancerous pancreatic lesion have been reported to be associated with DPP-IV inhibitors [40] [41] [42] . Our study suggests that increasing production of GLP-1 by targeting mTOR signalling may provide a novel strategy for the treatment of type 2 diabetes. Pharmacological and genetic inhibition of mTOR signalling decreases the production of GLP-1, which is associated with the impairment in glucose tolerance, glucose-stimulated insulin secretion and insulin sensitivity induced by rapamycin in mice. If the relationship of mTOR signalling with GLP-1 production exists in normal and diabetic patients, it might be feasible to target mTOR fuel-sensing mechanisms in the intestinal mucosa to treat type 2 diabetes.
In conclusion, our study indicates the physiological relevance of ileal mTOR to glucose homeostasis. mTOR signalling in intestinal mucosa may coordinate overall fuel levels with production and secretion of GLP-1. The existence of a fuel-sensing pathway within the intestinal mucosa thus provides an alternative opportunity of a therapy for type 2 diabetes.
